The current paradigm for protein structure determination by NMR spectroscopy has thus far been based on collecting distance restrains between pairs of nuclei in the form of nuclear Overhauser enhancements (NOE). These, have in some circumstances been supplemented with other information sources such as paramagnetic relaxation enhancements or residual dipolar couplings. Here, we report for the first time a protein structure determination by NMR without the use of NOEs. The protein PioC from Rhodopseudomonas palustris TIE-1 is an HIPIP where the 4Fe4S cluster is paramagnetic and provides the source of Paramagnetic Relaxation Enhancements (PRE) used as alternative distance constraints. Comparison of the family of structures obtained by NOE structural restraints, with that obtained by PRE and with the family of structures obtained by combining NOEs and PREs reveals that the pairwise RMSD between them are similar and comparable with the precision within each family. This work sets the stage for the structural characterization of small and dynamic paramagnetic metalloproteins opening a new paradigm in the use of NMR in structural biology.
contributions to nuclear relaxation are significant for nuclei within a 10 Å sphere from the cluster 53 . Therefore, PioC is a suitable system to address an important issue for inorganic structural biologists: can we improve methods for measuring relaxation rates in paramagnetic systems and use relaxation based NMR restraints 54 (or PREs, as they are now commonly defined 40, 55 ) as the sole source of dipole-dipole restraints? Can we break the paradigm that NOEs are an essential step for solution structure calculation?
A standard 15 (Figure 1) . In order to perform the complete resonance assignment of the protein, we combined the conventional approach based on triple resonance experiments (Table S1) with a non-systematic procedure using a combination of 1D NOEs, 13 C direct detection, double and triple resonance experiments recorded with parameters optimized "a-lacarte" 56 . The non-systematic protocol for the complete NMR assignment is described in detail in SI (Tables S2-S3 and Figures S1-S4).
Eventually, these experiments provided the complete NMR assignment (Table S4 ). We assigned (excluding the N-ter Val 1) 100% of backbone 1 HN, 13 C, and 15 N resonances, 98% of H 86% and 91% of 1 H and 13 C side chains atoms, respectively. However, even if the 1 H assignment is almost completed, 15 N and 13 C HSQC-NOESY experiments at high magnetic field gave only 344 meaningful NOEs that, without any additional information on cluster binding mode, were insufficient to obtain a structure. Three factors quench NOE intensities: i) the small rotational correlation time (3.4 x 10 -9 s from 15 N relaxation, Figure S5) ; ii) paramagnetic relaxation affecting at least 50% of the protein; iii) the absence of secondary structure elements, typical of HiPIPs. A few, crucial, structural constraints were obtained from residues binding the cluster, covalently or via H-bonds. Cys CH2 hyperfine shifts were converted into four 2 dihedral angle constraints defining the cluster binding topology 57 , seven crucial 1D NOEs between Cys CH2 and neighboring residues were quantified ( Figure S2) , large 15 N shifts values, Figure 1 . 500 MHz 298K, 15 N-HSQC spectrum on PioC collected using the HSQC-AP experiment (black), overlaid with a standard 15 N HSQC spectrum (red). Labeled signals are observable only in the HSQC-AP spectrum. observed for Gln27, Val37 and Leu49 were taken as an evidence of three H-bonds, respectively linking HN to S of the preceding (i-2 or i-3) cluster-bound Cys. These fourteen constraints were included into structure calculation, together with the geometrical parameters of the cluster, obtained as previously described 19 . We obtained, using torsion angle dynamics and refinement via molecular dynamics (see SI for details), a structure, shown in Figure 2A , with backbone and heavy atoms RMSD of 1.04 ±0.30 Å and 1.81±0.30 Å (residues 5-50). As expected, the cluster is the essential element to drive the fold of the polypeptide chain and the 14 constraints from cluster-bound residues are important to frame the cluster within the protein. Indeed, without them, we obtained structures with significantly higher backbone and heavy atoms RMSD of 1.27±0.20 Å and 1.95±0.20 Å. We now considered PREs: to this end, a novel R2-weighted 15 N-HSQC-AP experiments ( Figure S6 ) was developed and used, together with the already described 15 N-IR-HSQC AP experiment 8 , to measure R1 and R2 values of all amide protons, as summarized in Figure 3 . A 13 C version of the IR-HSQC-AP experiment was also developed and allowed to record 1 H relaxation rates for H backbone protons as well as for aliphatic and aromatic side chains Figure S7 ). Finally, 1 H and 13 C resonances of cluster bound Cys residues were identified and assigned using rapid recycling experiments and from these twelve R1 and R2 values were obtained from inversion recovery and linewidth analysis of one dimensional 1 H and 13 C experiments. Overall, 312 relaxation rates, amounting to ca. six rates per residue, were measured, as summarized in Table S7 . From the full set of relaxation data, R1para and R2para were found and converted into upper distance limits, following a procedure described in SI. In the case of 1 HN signals, for which both R1 and R2 were available, the conversion of R1 para and R2para into upper distance constraints was done, independently for each of the two measurements, according to an r -6 dependence. Where different upper limit distances were found from R1 and R2, the less restrictive among them is considered, in order to minimize errors in upper limit conversion due to internal motions that may affect R1 and R2 to a different extent. For amide HN resonances, 33 upper distance limits were obtained out of 49 non-proline residues, indicating that about 66% of the protein is affected by paramagnetism, while 137 upper distance restraints are obtained from HC R1 values and 5 from 13 C R1 values. Overall, 175 constraints were obtained from relaxation rates. The number of distance constraints was increased to a total of 533. The use of relaxation based NMR restraints, together with those used previously (the summary of constraints is reported in Table S5 ), gave a high resolution NMR structure with backbone and side chain RMSD values of 0.62±0.11Å and 1.14±0.13Å respectively (Figure 2B) . PREs improve the quality of the structure not only in the proximity of the cluster but throughout the entire protein. The combination of both type of restraints led to statistical parameters that are indicative of a highly precise structure of a well-folded protein of small/medium size (Table S6) .
We now address whether an NMR structure obtained without NOEs is able to achieve good accuracy and precision. Indeed, Figure 2C shows the family of structures obtained without the 344 NOEs from 13 C and 15 N-NOESY-HSQC experiments. The structure has backbone and heavy atoms RMSD of 1.31±0.27Å and 2.00±0.32Å, respectively. The overall structure precision is obviously lower than that obtained in previous calculations but still lies within an acceptable quality range. The per-residue comparison of backbone RMSD ( Figure 4A) shows that the family obtained with the full set of constraints has always the lowest RMSD (but Thr24), indicating that the combination of NOEs and PREs improves the precision in all the protein regions. PREs provide information exactly were NOEs are missing, thus complementing NOE data. In several protein regions, the NOE-only family has an RSMD similar to the family obtained with the full set of constraints, indicating that NOEs drive the structure towards a minimum. Conversely, in other regions the precision is significantly improved by the use of PREs, thus we can define them as PRE driven. The loop surrounding the cluster and containing Cys 22 and Cys 25 of the CXXC binding motif in HiPIPs has a different trend. Here, the RMSD values of the three families are similar and higher than average values. This is the situation in which, not only NOEs but also PREs are missing due to the close proximity to the paramagnetic center. Essentially, for this fragment the structure is given by the cluster binding topology, by the dihedral angles of Cys bound residues and by H-bonded residues. We can obtain clues on the accuracy of the structures by comparing the three mean structures, the PRE-only, the NOE-only and the full-set structures. As shown in Figure 4B , the pairwise RMSD between them are all similar and comparable with the precision within each family. The PRE-only structure is essentially the same, although with a larger RMSD, as the one obtained with the full-set of constraints. The latter is, for most of the protein, in an average position between PRE-only and NOE-only.
Notwithstanding the exciting perspectives opened by computational biologists [58] [59] [60] [61] , the quest for novel NMR restraints is still of primary importance in structural biology. Up to date, a dense network of NOEs has always been considered essential for structures, because constraints between residues that are far apart in the primary sequence define the relative orientation of different structural motifs 62 also with respect to other paramagnetism-based restraints such as pseudocontact shifts and residual dipolar couplings 12 . The latter have a combination of angular and spatial dependence and thus, even when a large number of them are available, they are not able to replace NOEs completely. In PioC, the [Fe4S4] 2+ cluster provides upper distance limits up to 13 Å, while the average protein radius is about 15 Å, thus being an ideal case for obtaining the first NOE-less NMR structure. Besides the serendipity case of PioC, these results suggest the systematic use of PREs in structure calculations of metalloproteins because they provide distance restraints in protein regions where NOEs are sparse due to paramagnetism. Factors such as protein size, electronic correlation times of metal ion(s) and internal mobility will modulate the interplay between paramagnetism based and conventional NMR restraints and their relative contribution to the final structure. Whatever the combination will be, we may anticipate that, a combination of the largest possible set of constraints from both paramagnetic and conventional restraints will be the optimal solution in terms of structure quality.
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2.NMR experiments
All experiments were recorded using Bruker AVANCE-NEO spectrometers, equipped with cryogenically cooled triple resonance inverse detection probeheads (CP-TXI), except 13 C-detected experiments, which were acquired at 176.05 MHz using a cryogenically cooled probehead optimized for 13 
3.Paramagnetism-tailored NMR Experiments
To identify signals affected by the hyperfine interaction, tailored experiments were performed. Most of them are experiments, commonly used in biomolecular NMR spectroscopy, where the standard set of parameters is modified to account for the shift and relaxation properties of paramagnetic systems. The pulse sequences are modified to choose those building blocks that are more "robust" with respect to fast nuclear relaxation, and the magnetic field is chosen accordingly. A few experiments have been specifically designed to identify resonances/dipolar or scalar couplings/relaxation properties of paramagnetic systems [2] [3] [4] . For each of them, typical parameter choices are summarized in Table S2   Table S2 Experiments 
4.Assignment of hyperfine shifted signals
In order to identify signals affected by the hyperfine interaction, we recorded a paramagnetictailored HNCA experiment (see previous section). Thanks to this HNCA experiment ( Figure S1A) , HN, NH and C resonances of Cys22, Cys25 and Cys34 have been assigned due to the sequential connectivities observed with HN signals of residues Gly23, Arg26 and Ile35, unambiguously identified with the standard assignment strategy. Figure S1B shows the superimposition of two paramagnetic 13 Figure   S1B . HNCO experiments (data not shown) provide the assignment of all C' from the cross peaks with the related already assigned HN(i+1) nuclei. 13 C direct detection provides precious spectroscopic information. The 1D 13 C experiments are shown in Figure S3A . Signals belonging to Cys bound residues are expected to experience a strong an-tiCurie Temperature dependence, this allows to confirm the assignment of Cys 22 and Cys 34 C and C signals and of Cys 25 C. Additionally, two other Cys C signals are observed at 111.1 and 102.65 ppm.
C-C COSY has proved to be a powerful technique able to identify all C/C' connectivities of cluster bond Cysteine. A tailored choice for t1max and t2max values provided [6] , for the upper diagonal part, the spectrum shown in Figure S3B , which confirmed the assignment of Cof cysteine 22, 25 and 34 and identified the missing CCys 47, unobserved in the 1D 13 C experiments because in overlap with Cys34 and Cys22 Cand unobserved also in the 13 C-HSQC-AP experiment shown previously. The set of 13 C direct detected experiments is completed by a CON experiment ( Figure S3C) , which confirms the cysteine amide nitrogen assignment for Cys 22, 25 and 34 and provides the assignment for the amide nitrogen of Cys 47.
The information obtained from the paramagnetic 15 
4.Sequence Specific Assignment
Data analysis and resonances assignment were performed using CYANA 2.1. Proton resonances were calibrated with respect to the signal of 2,2-dimethylsilapentane-5-sulfonic acid (DSS). Nitrogen chemical shifts were referenced indirectly to the 1 H standard using a conversion factor derived from the ratio of NMR frequencies. Carbon resonances were calibrated using the signal of dioxane at 69.4 ppm (298 K) as secondary reference. The complete assignment is reported in Table S4 . All parameters of the experiments used are reported in Tables S1 and S2. 
Structural constraints and structure calculation
Diamagnetic NMR restraints. NOEs were analyzed and converted into upper distance limits and used for manual structure calculation in CYANA 2.1. Backbone dihedral angle constraints were derived from 15 N, 13 C', 13 C, 13 C, and H chemical shifts, using TALOS+ and added as restraints. Overall, 344 meaningful upper distance constraints and 51 dihedral angles were used to calculate the structure. The data are summarized in Table S5 .
Paramagnetic NMR restraints. Hyperfine shifts of Cysteines CH2 protons were converted into Cysteines dihedral angles 2 according to the procedure already described [12, 13] . 1D NOEs observed from well resolved, hyperfine shifted signals were measured according to a procedure originally describe in [14] and converted into upper distance limits provided the known distance among geminal CH2 protons.
Hydrogen bond donor atoms were identified by considering 15 N shift values that are outliers by more than 20 ppm the average values according to BMRB Data Bank. Three H-bonding donor HN groups were identified. The three acceptors sulfur atoms were unambiguously identified from the NMR structure obtained without H-bonds and the three H-bonds added as structural constraints.
R1 and R2 rates of 1 HN and 1 HC were converted into upper distance limits as described in the following section. When R1 and R2 provided different upper distance limits for the same 1 HN proton, the upper limit value was taken by considering the less restrictive value among the two. In these cases, the upper limit value was given a weighting factor 2. Overall, 39 values were taken from HN, out of which 19
were weighted by a factor 2; 31 upper distance limits were taken from Hand 90 upper distance limits were taken from side chains (HC groups). Additionally, 10 upper limit values were taken by relaxation rate measurements of CH2 and CH from the four cluster-bound Cysteines. The total number of 1 H based PRE restraints was 170. In addition, the relaxation rates of Cysteines C and C carbon atoms were also measured and converted into 5 additional PRE based restraints. Overall, the number of relaxation based restraints used into structure calculation was 175, as summarized in Table S5 .
Definition of the cluster for structure calculations. The Iron sulfur cluster was inserted into structure calculation according to the procedure originally described [10] . A special residue, named CFS, was added to the CYANA library. The artificial residue, denoted CFS, consists of a cysteinyl residue in which the thiol hydrogen (H) was replaced by an iron atom (Fe) at the proper distance and by adding to the latter, through another covalent bond, the sulfur atom (S) constituting the inorganic sulfide of the cluster. Bond lengths and angles used in this construction were taken from previously reported structures [10, 15, 16] . Eight additional covalent bonds were added as link statements to the end of the sequence file between each iron atoms (Fe) and the two bonded sulfur atoms (S). This removes the van der Waals interactions between the Fe and the other ligands. Then, upper and lower distance limits are imposed along the eight edges of the cubane (the remaining four are defined within the four CFS residues), along the six edges of the tetrahedron described by the four iron atoms, six others along the edges of the tetrahedron described by the four inorganic sulfur atoms (S) and finally, among the six edges of the tetrahedron formed by cysteine Sy atoms. A total of 26 upper and lower distances limits was used in the CYANA calculations. This construction allows us to define a rigid cluster while leaving undefined the chirality of the peptide folding around it. The summary of conformationally restricting constraints is reported in Table S5 .
Structure Calculation and refinement. Structure calculations were performed with the program CYANA 2.1 [17, 18] . A total of 2000 random conformers were subjected to 65000 steps of a simulated annealing process. The 20 conformers with the lowest target function constituted the final family. Each member of the family was subsequently submitted to refinement in explicit solvent with the Amber-16 package [19] . The force field parameters for the 4Fe-4S cluster were taken as in similar systems [20] . A value of 50 kcal mol-1 Ã -2 was used as force constant for the NOE and paramagnetic NMR restraints whereas a values of 32 kcal mol -1 rad -2 was used for torsion angle restraints. The quality of the structure was evaluated in terms of deviations from ideal bond lengths and bond angles and through Ramachandran plots obtained using the programs with PSVS 1.5 program [21] . g With respect to mean and standard deviation for a set of 252 X-ray structures < 500 residues, of resolution <= 1.80 Å, R-factor <= 0.25 and R-free <= 0.28; a positive value indicates a 'better' score. Z-score generated using PSVS 1.5
Comparison among different family of structures. Backbone and all heavy atoms RMSD obtained for each family of structure are summarized in Table S6 . As discussed in text, it appears that: i) the highest precision is obtained when all available structural constraints are used, ii) the NOE-only and the PREonly families of structures have very similar precision; iii) the contribution of the constraints arising from the cluster-bound residues, i.e. involving the first coordination sphere of the cluster, is extremely important. Indeed, the addition of 14 constraints (less than 5% of the total number of diamagnetic NOES) provides a 20% improvement in both backbone and all atoms RMSD (see the comparison between the first two columns of Table S6 . Table S1 ), using a recycle delay of 4 s and inversion recovery delays of 20 ms, 30 ms, 40 ms, 50 ms, 60 ms, 80 ms, 100 ms, 120 ms, 160 ms, 200 ms, 300 ms, 400 ms, 600 ms, 800 ms, 1s. In order to measure relaxation rates of signals severely affected by the hyperfine relaxation, R1 H N rates were measured also with an IR-15 N-HSQC-AP experiment [22] . Fourteen experiments were col- The R1 and R2 rates obtained with the different methods were compared and, for each residue, the value with the lower standard deviation in the fitting was considered. As expected, slow relaxing 1 H resonances were better fitted using an in-phase 15 N HSQC as editing spectrum and experimental conditions typical of diamagnetic systems, i.e. a long recycle delay, and longer relaxation periods. Conversely, fast relaxing signals were better fitted using the IR-HSQC-AP and the R2 weighted HSQC-AP sequences. We found that all signals having R1 values faster than 30 s -1 (13 out of 48 total R1 measurements) and R2 values faster than 45 s -1 (18 out of 49 total R2 measurements) were better fitted using the tailored sequences. The results are summarized in Table S7 .
For 1 H signals observed in 13 C HSQC experiments, R1 1 H rates were measured by inserting a non-selective 1 H inversion recovery filter prior to a standard 13 C HSQC experiments and fitting the intensities of the 13 C HSQC spectra as described above. Seventeen experiments were collected using a 2s relaxation delay and inversion recovery delays of 1.0 ms, 5.0 ms, 10 ms, 20 ms, 30 ms, 40 ms, 60 ms, 70 ms, 90 ms, 120 ms, 200 ms, 300 ms, 400 ms, 600 ms, 800 ms, 1.2 s, 2.0 s. The results are also reported in Table S7 . 1 should be considered as fully localized onto the metal ions. In the case of a cluster, this is clearly an oversimplification of the problem, because the electron spin is also partly delocalized among all cluster atoms. Additionally, it is also known that the unpaired sin density is partly delocalized also onto the ligands, via both spin delocalization and spin polarization mechanisms. iii) paramagnetism arises from the population of the excited states of the electron spin energy ladder, which in turn depends from the antiferromagnetic coupling among the iron ions of the cluster (ref), which cannot be safely predicted.
Provided all the above consideration, the use of an empirical calibration coefficient is recommended.
The conversion from R1,2 values to distance has been previously done made according to an equation of the form:
R1,2para = A/(di 6 ) (1) where di are the distances from the nuclear spin to the four iron ions.
Eq(1) accounts for atoms being at similar distances from two different Fe ions; however eq(1) still assumes that the electron spin density is fully localized onto the Iron ions. Therefore, to properly convert R1,2 para values into upl we prefer to replace the di 6 term with the power sixth distance from the center of mass of the cluster. In order to perform this, a special linker made of 100 pseudo-residues called LL2 was added at the end of the protein sequence. The "atoms" of these linker "residues" have zero mass and zero Van-der-Waals radii, thus the linker can freely pass through the structure during simulated annealing. The last residue of the linker is an ION residue (cyana library) which has been subsequently linked at fixed distances with the four Iron and with the four sulfur ions of the cluster, with van der Waals contact taken to zero in order to avoid distortions or additional contribution to the overall energy. For the AMBER refinement, the linker and the ION residue have been removed and, for each PRE constraint, the center of mass of the cubane has been replaced with the closest iron ion of the cluster (or with the two closest iron ions when ambiguous metal-to-proton distances occur), and the upper limit distance reduced accordingly. About 400.000 scans were acquired for each NOE, using the inversion recovery sequence experiments and collecting the difference between on and off resonance selective irradiation Figure S3 . A 1D 13 C NMR spectra of PioC, optimized to observe fast relaxing resonances. Figure shows the spectral region where we expect to observe 13 C and 13 C of cluster-bond residues. Spectrum in black is recorded at 288 K, in red at 298K. B 13 C-13 C COSY spectrum (upper diagonal part) showing the connectivities between C' and C signals. Acquisition and processing parameters are optimized to identify connectivities among fast relaxing resonances. In both dimensions no 1 H decoupling has been used. C 13 C-1r N CON experiment. Signals involving C' spins from cluster-bound Cysteines are labeled in figure. All the above experiments were performed at 175 MHz, using 13 C direct detection 
